Introduction
Mutations in the stem cell factor receptor tyrosine kinase gene (KIT) are observed in 2% of all melanomas [1] , often leading to upregulated signaling from the corresponding protein KIT. KIT mutations are most common in acral and mucosal melanomas and less often observed in cutaneous melanoma arising from skin with chronic sun damage (CSD) [2] . KIT mutations are widely distributed over the coding region and observed in exons 9, 11, 13, 17, and 18 [2, 3] . Advanced melanomas with KIT aberrations (mutations and/or amplifications) have been shown to respond to the BCR-ABL1/KIT tyrosine kinase inhibitor (TKI) imatinib (Gleevec, Novartis Pharmaceuticals Corporation) [4] [5] [6] [7] [8] [9] , although response rates are low compared with BRAF inhibitors in BRAF-mutated melanomas [10, 11] . Nilotinib (Tasigna, Novartis Pharmaceuticals Corporation) has also demonstrated activity against several known KIT mutations in vitro, with potency comparable to or greater than that of imatinib (supplementary Table S1 , available at Annals of Oncology online) [12, 13] , and is less likely to lead to gastrointestinal or fluid retention-related adverse events (AEs) [14] . Nilotinib has thus been investigated as a potential treatment of KIT-mutated melanomas [15] [16] [17] [18] . A phase II study in patients with advanced KIT-mutated melanoma reported partial responses (PRs) in 3 of 19 nilotinib-treated patients (15.8%), including two with prior imatinib resistance. The Tasigna Efficacy in Advanced Melanoma (TEAM; ClinicalTrials.gov, NCT01028222) trial was the first open-label, multicenter, single-arm, phase II study to assess the efficacy and safety of nilotinib in patients with KIT-mutated advanced melanoma without prior KIT inhibitor therapy.
Methods

Patients, study design, and treatment
Patients were enrolled at 29 centers in 11 countries (Australia, Belgium, Brazil, Canada, China, Germany, Italy, Spain, Sweden, Switzerland, and the USA). Eligible patients were adults with histologically confirmed unresectable or metastatic acral, mucosal, or CSD melanoma without a history of brain metastases and with a confirmed KIT mutation in exons 9, 11, 13, or 17 (D820G, N822H, N822K, D820Y, Y822D, or Y823D), which have known KIT inhibitor sensitivity [4] [5] [6] 13] . Following a protocol amendment, patients with CSD melanoma were excluded from further enrollment because of a low observed KIT mutation rate. Mutation status was determined in a central laboratory (MolecularMD, Portland, OR) by DNA extraction from formalin-fixed, paraffin-embedded tumor tissue that was macrodissected, followed by polymerase chain reaction amplification and sequencing using a panel of direct sequencing assays with 20% mutant allele sensitivity. Germline DNA was not sequenced to determine whether mutations were somatic.
Patients with KIT amplification without mutation were ineligible. Additional exclusion criteria included prior treatment with any TKI or >1 systemic anticancer therapy for melanoma in addition to any adjuvant therapy. Patients with significantly impaired cardiac function were ineligible, as were those with gastrointestinal impairment, chronic or acute pancreatitis, and/or acute or chronic liver or renal disease unrelated to melanoma.
Originally, the TEAM trial was a randomized, phase III study of nilotinib versus dacarbazine (DTIC; standard of care), with a target enrollment of 120 patients. This was amended to an open-label, single-arm design due to the rarity of patients harboring KIT mutations. Although 13 patients were randomized to DTIC before the protocol amendment and 10 eventually switched to nilotinib, the focus of this analysis is on the patients whose initial treatment was nilotinib. All patients assigned to nilotinib received nilotinib 400 mg twice daily. Dose adjustments were allowed per protocol-specified criteria (supplementary methods, available at Annals of Oncology online).
Study endpoints and assessments
The primary endpoint was the objective response rate (ORR), defined as the proportion of patients with a confirmed complete response (CR) or PR determined by the investigator according to Response Evaluation Criteria In Solid Tumors (RECIST). Tumor progression was assessed by computed tomography/magnetic resonance imaging or photography at screening, baseline, weeks 3, 6, 9, 12, 18, and 24, and every 12 weeks thereafter.
Key secondary endpoints included Kaplan-Meier (KM) estimates of progression-free survival (PFS; time from treatment start to date of first documented progression or death) and overall survival (OS; time from study start to date of death from any cause; supplementary methods, available at Annals of Oncology online). Additional secondary endpoints included KM-estimated duration of objective response (DOR; time from first documented CR or PR to first documented progression or death) and disease control rate (DCR; proportion of patients with CR, PR, or stable disease [SD] for 12 weeks from start of treatment).
AEs were assessed according to the Common Terminology Criteria for Adverse Events (CTCAE) version 3.0. Safety was evaluated on an ongoing basis during study treatment and 30 days after the last dose of study treatment.
Statistical analyses
Demographics, baseline characteristics, and efficacy analyses were determined in the intent-to-treat population, including all patients assigned to nilotinib. Patients randomized to DTIC before the study design amendment were analyzed separately. Demographics and baseline characteristics were summarized by descriptive statistics. Safety analyses were determined in the safety population, including all patients who received 1 dose of study medication.
For the primary endpoint, the null hypothesis (ORR 10%) was tested according to Simon's two-stage design. After all 23 nilotinib-treated patients enrolled in the first stage had a confirmed response, discontinued the study, or completed 24 weeks of treatment, the trial was to be discontinued (null hypothesis accepted) if <3 confirmed responses were observed. If 3 confirmed responses were observed, the second stage would begin with an enrollment target of an additional 18 patients. If there were 9 responders overall, the null hypothesis would be rejected with a one-sided significance level of 2.5% and a power of 90% against an alternative hypothesis of ORR 30%.
Ethics
This study was conducted in accordance with the ethical principles of the Declaration of Helsinki and local laws/regulations. Patients provided written informed consent before participation. The study protocol and all amendments were reviewed and approved by an institutional review board or independent ethics committee for each center.
Results
Patients and treatment exposure
Between 29 April 2010 and 23 October 2012, 877 patients were prescreened for KIT mutations. While a mutation frequency of 20%-30% was expected in the target population based on prestudy estimates [2] , only 106 (12.1%) prescreened patients harbored KIT mutations (supplementary Figure S1 , available at Annals of Oncology online). Of these, 78 were screened for eligibility per additional inclusion/exclusion criteria, and 55 enrolled. Primary reasons for screening failure were unacceptable laboratory or test procedure results (e.g. brain metastasis). Before closure of the DTIC arm (via protocol amendment 27 July 2011), 14 and 13 patients were randomized to nilotinib and DTIC, respectively. Ten patients on DTIC subsequently crossed over to nilotinib; the remaining three discontinued [loss to follow-up, disease progression, administrative problems (n ¼ 1 each)]. Herein, demographic, efficacy, and safety data are reported for patients who initiated nilotinib treatment upon enrollment (N ¼ 42), with brief mention of the DTIC results. Further details regarding efficacy/safety for patients randomized to DTIC are included in the supplementary Appendix, available at Annals of Oncology online.
In the nilotinib arm, acral and mucosal melanomas were most frequent (n ¼ 20; 47.6% each; information on primary site is in Table 1 ); two patients (4.8%) had CSD melanoma of the head and neck (patients with CSD melanoma were excluded from the study following a protocol amendment). The most frequently observed KIT mutations were in exon 11 [n ¼ 26; 61.9%; most commonly L576P (n ¼ 10)] and exon 13 (n ¼ 13; 31.0%).
By study completion (last patient last visit, 31 December 2014), 38 patients (90.5%) had discontinued nilotinib, most commonly for disease progression (n ¼ 33; 86.8%). Known subsequent treatments following study discontinuation included chemotherapy/radiation (n ¼ 18), ipilimumab (n ¼ 15), imatinib (n ¼ 8), and other targeted/immune therapies (n ¼ 7). Four patients (9.5%) remained on nilotinib through a rollover study or local protocol. Median duration of nilotinib exposure was 15.0 weeks (range 1-154 weeks). Dose interruptions due to AEs were reported in 26 patients (61.9%). Twenty-two patients (52.4%) received a reduced dose, with six patients having 1 direct dose reduction to 400 mg once daily without prior interruption. Includes esophagus (n ¼ 3), nasal mucosa (n ¼ 2), and intranasal (n ¼
study that patients received a full nilotinib dose was 75.5% (range, 12%-98%).
Efficacy
Among the 42 patients in the nilotinib arm, the ORR was 26.2% (95% CI, 13.9%-42.0%; PR, n ¼ 11; CR, n ¼ 0), sufficient to reject the null hypothesis of ORR 10% ( Table 2 ). All responses occurred by 3 months; 5 occurred by 3 weeks and 7 by 6 weeks. Median DOR was 7.1 months (range 2.8-34.6 months). Twenty patients (47.6%) had SD 6 weeks and 10 (23.8%) had progressive disease; 1 (2.4%) response was unknown. The DCR was 47.6%. Three of 13 patients in the DTIC arm had a PR (ORR, 23.1%; CR, n ¼ 0; PR, n ¼ 3; supplementary Tables S2 and S3 , available at Annals of Oncology online).
Response rate differed by mutation status; PR was observed in 10 of 26 patients (38.5%) with an exon 11 mutation, 1 of 13 patients (7.7%) with an exon 13 mutation, and 0 of 3 patients with an exon 9 or 17 mutation ( Figure 1A ). Of the 10 responding patients with an exon 11 mutation, three had the L576P mutation and one had a combined L576P/W557R mutation (Table 3) . While the majority of observed mutations affect recurrently mutated sites and are thus considered likely to lead to constitutive KIT activation, a few of the identified mutations (i.e., S476C and D496N in exon 9 and R634W in exon 13) affect nonrecurrent sites and therefore may not be pathogenic.
Thirty-five patients had PFS events (median PFS of 4.2 months; 95% CI, 2.1-5.8 months). At 6 months, the estimated PFS rate was 34.6% (95% CI, 20.2%-49.3%; Figure 1B) . Among the 26 patients with an exon 11 mutation, median PFS was 5.4 months (95% CI, 2.7-8.3 months); the 6-month estimated PFS rate was 43.1% (95% CI, 23.4%-61.5%).
Twenty-six deaths occurred [due to melanoma (n ¼ 24), cardiopulmonary arrest (n ¼ 1), multiorgan dysfunction (n ¼ 1)]. Of these, one death (due to melanoma) occurred within 30 days of discontinuation. No deaths were considered by the investigators to be attributable to nilotinib. Median OS was 18.0 months (95% CI, 10.9-20.3 months). Estimated OS rates at 12 and 24 months were 63.6% (95% CI, 46.4%-76.6%) and 27.7% (95% CI, 13.3%-44.2%), respectively ( Figure 1C) . Among the 26 patients with an exon 11 mutation, 17 died on study and three were alive and receiving nilotinib with 25.8 months' follow-up. PFS and OS in DTIC-treated patients are shown in supplementary Figure S2 , available at Annals of Oncology online.
Safety
Nilotinib was well tolerated, with a safety profile consistent with reports of nilotinib in patients with chronic myeloid leukemia [14] . No additional safety issues were observed on crossover to nilotinib, although data for this population are limited. Full safety data are provided in supplementary Tables S4-S6, available at Annals of Oncology online.
Discussion
Results from the TEAM trial showed that nilotinib is an active agent in patients with KIT-mutated metastatic melanoma. Similar results have been reported in other studies of nilotinib in Patients who discontinued due to disease progression without PD per RECIST were not considered to have had a PFS event.
patients with advanced melanoma with KIT aberrations, including patients with prior imatinib resistance [15] [16] [17] ; response rates and survival in these nilotinib studies are similar to those in reports of imatinib treatment in patients with KIT-mutated melanoma (supplementary Table S7 , available at Annals of Oncology online) [7] [8] [9] .
Response rates to imatinib and nilotinib in patients with KIT mutations [7] [8] [9] [15] [16] [17] are approximately half of those observed in pivotal trials of BRAF inhibitors in patients with BRAFmutated advanced melanoma [10, 11] . This may result from heterogeneity of KIT mutations relative to BRAF mutations (of which 74% are V600E) and/or a lower efficacy of current KIT inhibitors [19] . Additionally, RAS mutations may confer resistance to KIT inhibitors [9] ; although prior data suggest low incidences of concurrent KIT/RAS mutations [2, 9] , the RAS mutation status of patients enrolled in TEAM is unknown. Although the TEAM trial was not powered to statistically determine response rates according to mutation subtypes, numerical differences were observed by mutation. Patients with an exon 11 mutation had a better response rate than patients with an exon 13 mutation. Too few patients had exon 9 or 17 mutations to draw conclusions in these subpopulations. Consistent with prior studies of imatinib and nilotinib, the most frequently observed mutation among responding patients in TEAM was L576P on exon 11 [9, 16] , a common KIT-activating mutation [2, 20] . Results from TEAM suggest that nilotinib may have activity in these patients, with 4 of 10 patients (40.0%) with L576P (including 1 with a concurrent W557R mutation) responding to nilotinib.
The response rate among DTIC-treated patients (23.1%) was higher than has been historically observed for DTIC [21] , suggesting that patients enrolled in TEAM may have had less aggressive disease than the general population of patients with advanced KIT-mutated melanomas. Formal comparison of nilotinib and DTIC was not conducted due to partial randomization in the nilotinib arm and the very low number of patients in the DTIC arm. A randomized controlled trial of nilotinib versus standard of care in patients with advanced KIT-mutated melanoma may be needed to further evaluate nilotinib efficacy in this population. However, the inability to recruit a sufficient number of patients for a randomized controlled trial demonstrates the difficulty of conducting large trials in uncommon molecular subsets of advanced diseases.
Potential limitations of this study include the lower enrollment target and changes in study design following the protocol amendments, which may have impacted the strength of the results. Additionally, the majority of patients had mucosal/acral melanoma, potentially limiting the generalizability of the findings to other subtypes known to harbor KIT aberrations, such as melanomas arising on skin with CSD. However, patients with mucosal/ acral melanoma may be most appropriate for KIT inhibitor treatment because KIT mutations are most commonly observed in these subtypes [2] .
Overall, nilotinib demonstrated activity in patients with advanced melanoma with KIT mutations without prior KIT inhibitor treatment. Although these data did not show an advantage for nilotinib relative to historical data with imatinib, they do suggest that nilotinib may be an additional treatment option for patients with KIT-mutated advanced melanoma, for example, in patients intolerant of imatinib. The treatment landscape for advanced melanoma is rapidly changing with the availability of immunotherapies such as inhibitors of programmed cell death protein 1 (e.g. nivolumab, pembrolizumab) or cytotoxic T lymphocyte-associated protein 4 (e.g. ipilimumab), which have shown activity in acral and/or mucosal melanomas (ORRs, 11.4%-23.3%) [22] [23] [24] . Thus, a potential role for KIT inhibitors may be in combination with or following disease progression on immunotherapy. Further studies are needed to investigate the potential efficacy of nilotinib in patients with advanced KITmutated melanoma, either in combination with immunotherapy or in the setting of disease refractory to immunotherapy.
